Abstract-Finger impairment following stroke results in significant deficits in hand manipulation and the performance of everyday tasks. While recent advances in rehabilitation robotics have shown promise for facilitating functional improvement, it remains unclear how best to employ these devices to maximize benefits. Current devices for the hand, however, lack the capacity to fully explore the space of possible training paradigms. Particularly, they cannot provide the independent joint control and levels of velocity and torque required. To fill this need, we have developed a prototype for one digit, the cable actuated finger exoskeleton (CAFE), a three-degree-of-freedom robotic exoskeleton for the index finger. This paper presents the design and development of the CAFE, with performance testing results.
Thus, current research focuses on improving the efficacy of rehabilitation. Recent studies have shown that repetitive practice of desired movement leads to promising recovery. For example, promotion of use of the paretic upper limb through the constraint-induced therapy has led to improved motor control [7] [8] [9] . This practice has been shown to improve plasticity and incite cortical functional reorganization leading to improved motor control following stroke [10] , [11] .
Because of the complexity of the hand, with 21 mechanical degrees-of-freedom (DoF) and even more muscles, and the need for lengthy and consistent repetition of movement, researchers have begun to implement robotics for rehabilitation. Robotassisted rehabilitation has been demonstrated to enable longer training sessions while reducing the workload on therapists [12] .
In the past decade, a number of devices have been developed expressly for, or applied to, hand rehabilitation. These include both commercial products, such as CyberGrasp (Immersion Corporation, San Jose, CA) [13] , the Hand Mentor (Kinetic Muscles, Inc., Tempe, AZ), and the Amadeo System (Tyromotion GmbH, Graz, Austria) and experimental devices, including HEXORR [14] Rutgers Master II-ND [15] , HWARD [16] , HandCARE [17] , HANDEXOS [18] , and others [19] [20] [21] [22] [23] [24] [25] .
A fundamental question, however, is how to best use these devices for rehabilitation. The extent to which rehabilitation robots should assist, resist or otherwise alter movement of the user is unclear and requires further study. Unfortunately, existing devices do not provide the complete range of speed, force, and independence of joint control to thoroughly explore the space of different training algorithms and environments. For example, stroke survivors may generate substantial coactivation, especially during intended finger extension [26] , such that significant joint torques may need to be provided by the assistive device to overcome the misapplied joint torques of the user. Abnormalities in impedance and motor control may vary from joint to joint such that independent control of each joint through the exoskeleton may be beneficial for training. Additionally, to examine and mitigate power deficits [27] and peak tracking limitations, high joint rotational velocity may be needed that would be consistent with human physiological capabilities.
A device possessing these capabilities would greatly facilitate the scientific investigation of hand function and the therapy following stroke. In accordance with these goals, we have developed a prototype for a single finger. The cable actuated finger exoskeleton (CAFE), presented here, will improve on current rehabilitation robotics solutions by providing a versatile framework with high performance, real-time control, individual actuation of each of the finger joints, and forces and speeds comparable to normal human function. The CAFE will allow for normal task execution enabling direct comparisons between distinct rehabilitation strategies and motor control studies within a single platform.
The CAFE concept and design originated at the Rehabilitation Institute of Chicago. It is developed with the support of rehabilitation therapists to reflect the best practices and lessons learned from numerous other devices, and to improve usability and wearability. However, the device is intended for research investigations and not for regular therapeutic use. This paper describes the CAFE with a basic controller and analyzes preliminary kinematic and torque control performance.
II. FINGER EXOSKELETON DESIGN

A. Design Requirements
To enable the exploration of rehabilitation and motor control strategies of the finger, the CAFE must satisfy several design criteria. A device meeting these criteria would enable detailed analysis of index finger control through interaction with its joints across the range of dynamic movements.
First, the exoskeleton must be biomechanically compatible with an individual's natural joint rotation and provide independent actuation of each of the joints of the finger. In order to implement the rehabilitation training algorithms and create natural joint rotation for the affected finger, it is necessary to provide individual actuation for each of the finger joints, as alterations in impedance and motor control may vary from joint to joint following stroke.
Next, to reduce impedance of normal movement, the exoskeleton must be lightweight, have low inertia and a relatively small profile with respect to the index finger.
Third, for application to practical finger manipulation tasks, the device must support peak angular velocities on the order of 1000
• /s [28] , representative of the speeds we have observed in normal movements. This speed requirement is also necessary for the study of sensory perception as the finger movement ranges from low to high speed. Similarly, requirements for maximum sustained torques were set to 2.0, 0.75, and 0.25 N·m at the metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints, respectively. These values, equaling roughly half of the average maximal torque found in normal individuals (unpublished data), are sufficient to overcome the unwanted flexion torques that can be unintentionally generated by stroke survivors due to excessive coactivation of finger flexor muscles during task performance [29] as well as passive stiffness and damping in the finger [29] , [30] .
Finally, to control finger manipulation tasks, the CAFE must support both position and the torque control at each joint. Thus, both joint angle and torque measurements are required for feedback control and for data collection.
From these requirements, the exoskeleton was designed, fabricated, actuated, and instrumented as described in the following sections. 
B. Mechanical Structure
To achieve biomechanical compatibility with an individual's natural joint rotation, the rotational movement of the device must match that of the digit. While this can be achieved with a remote center of rotation (CoR) [19] , [21] , [31] [32] [33] , the most direct means is to align the joints of the device with the rotational axes of the user's finger, avoiding off axis forces and moments that would otherwise be present. In the CAFE, this is achieved with a planar, serially segmented exoskeleton (see Fig. 1 ) that runs along the radial side of the index finger (see Fig. 2 ). We assume static centers of rotation for each joint as is commonly accepted in the literature [14] , [34] , [35] . The three rotational joints of the exoskeleton are aligned with the flexion/extension axes of the MCP, PIP, and DIP joints (see Fig. 2 ), with a fixed MCP abduction-adduction joint. Pairs of parallel bars connect the structure to the proximal, middle, and distal segments of the finger. Rotation of the exoskeleton produces approximately equivalent rotation of the finger joint across large ranges of For application across users, the CAFE must be able to accommodate finger segments of different lengths and thicknesses while maintaining a proper alignment. This is achieved through interchangeable linkages connecting each joint of the exoskeleton. A set of linkages have been fabricated for each joint so that the appropriate linkage can be matched to the finger. The contact rod brackets are sized to accommodate a wide range of the population, with shims for adjustment between users.
To reduce impedance and inertia, the mass of the exoskeleton was minimized. All components were fabricated from aluminum or steel as necessary to withstand the relatively high torques required of the device. The complete portion of the exoskeleton that actually moves with the finger has a mass of 138 g. Physical dimensions were minimized wherever possible while maintaining mechanical rigidity and safety for the wearer. The maximum width of the structure along the finger is only 8 mm. The rotational inertia of each joint is estimated as 108, 53, and 0.46 kg/mm 2 for the MCP, PIP, and DIP, respectively. Thrust bearings at the MCP and PIP joints serve to accommodate potentially significant off-axis moments. Mechanical stops limit the range of motion of each joint to prevent accidental injury. These stops can be adjusted to match the passive range of motion of the user.
The complete exoskeleton is attached to a plate on a fiberglass cast that encases the wrist, and thus maintains its posture (see Fig. 3 ) and prevents slip between the user and CAFE. The device is externally supported to remove weight from the forearm of the user [36] .
C. Actuation
To achieve independent movement/torque production at each joint, separate actuators are employed at each joint of the CAFE. DC servomotors were chosen due to their performance in all four quadrants of the torque-velocity space. To maximize backdrivability, gearless motors were selected that could meet the requirements of joint angular velocities on the order of 1000
• /s and sustained joint torques of 2.0, 0.75, and 0.25 N·m at the MCP, PIP, and DIP joints, respectively. Specifically, AKM motors (Kollmorgen, Munkekullen, Sweden) are being used, with AKM13 C, AKM12C, and AKM11C for the MCP, PIP, and DIP joints, with inertias 4.5, 3.1, and 1.7 kg/mm 2 , respectively. In order to reduce the added mass on the hand, the dc motors are located on the forearm. Cables (Spectra kite line) transmit motor torque to the exoskeleton joints. The cable drive design reduces friction and backlash in comparison with standard transmissions, thereby allowing the motors to be located a significant distance from the joints. Cable transmissions have been successfully implemented in commercial robots such as the Phantom (SensAble Technologies, Woburn, MA) and WAM (Barrett Technologies, Cambridge, MA). As these cables can only pull, similar to muscles, two cables, and thus two motors are used for each joint for a total of six cables and motors (see Fig. 3 ).
Primary gear reduction from motor cable to exoskeleton joint occurs directly at the joint. Namely, the cables are connected to pulleys that subsequently drive a section of a gear fixed to a rotating segment of the exoskeleton (see Figs.1-3 ). This gear reduction directly at the joint reduces the tension in the cables from the motors, thereby providing as much bandwidth for control as possible [37] . Total reduction is 11.8, 3.7, and 1.4 at the MCP, PIP, and DIP joints, respectively. A set of bearing and pulley cable guides leads each cable across more proximal joints to its proper transmission pulley, as necessary.
D. Sensing
Joint angles are computed from the motor shaft rotations, as measured from optical encoders (2000 counts per revolution, Kollmorgen) integrated into each motor. Motor shaft rotation is converted to joint rotation through consideration of the pulley and gear reduction between the motor and the joint.
Joint torque is computed from the contact forces measured at each finger segment. The custom contact rods consist of two horizontal beams, one above and one below the user's digit (see Fig. 2 ). Each aluminum beam is configured with four strain gauges (SGT-1/350-TY13, Omega, Stamford, CT) oriented at 45
• from the principle bending axis of the beam and connected in a full Wheatstone bridge (see Fig. 4 ). This strain gauge configuration rejects the bending moment and measures only the perpendicular shear force in the beam [38] , allowing for an accurate contact force measurement regardless of finger size, contact location, perpendicular shear forces or off axis moments. The signal from the Wheatstone bridge is amplified by a gain of 1000 and low-pass filtered at 400 Hz, before input to the controller.
III. CONTROL SYSTEM
Control of either position or torque can be implemented at each joint.
A. Joint Position Control
The joint position controller is responsible for executing the target joint trajectory in an accurate manner.
At each joint, two cables act on the joint pulley in opposite directions, one for flexion and one for extension. These agonistantagonist cables must be adjusted simultaneously to achieve the desired torque differential to actuate the joint. Critically, tension must be maintained in both cables to keep either from going slack.
At the lowest level, the motors are driven by motor amplifiers (S200, Kollmorgen) that operate in a torque servo mode. An analog signal from the controller is sent to the amplifier to set the target torque. In this fashion, a baseline torque can be maintained for tension and an additional torque may be added to instigate movement.
In this configuration, one motor is selected as the driving motor and the other is selected as the following motor by a conditional logic block (designated as Planner in Fig. 5 ) in the controller. For example, if a net flexion is desired, the motor providing flexion joint rotation is designated by the planner as the driving motor and the motor providing extension is designated as the following motor. The driving motor will always provide the torque required to change the joint angle while the following motor will provide just enough torque to maintain nominal cable tension.
PI parameters of the controller (see Fig. 5 ) were tuned based on Ziegler-Nichols with subsequent heuristic methodology to achieve a 30
• angular step with a critically damped response and settling time below 100 ms under no external resistance.
Joint angle is computed from the signals from the quadrature encoders at the motor shafts. Each motor in the pair for a given joint independently tracks joint angle, wherein for a given movement of the joint, one encoder will increase and the opposing encoder will decrease. The differential between two encoder values is then divided by two and taken as the actual angle of the joint.
Due to the physical nature of the device, this differential angle measurement is not perfect. The cables for the distal joints, PIP and DIP, must first cross the more proximal joint(s). The length of each cable will be affected by the motion of the joint(s) it crosses. As the routing of each cable varies slightly, the impact of joint rotation on cable length will differ for each cable. Thus, a linear mapping of joint angles to cable length is experimentally measured by fixing distal joints, rotating proximal joints and measuring joint angle deviations (see Table I ). This linear relationship uses changes in proximal joint angle to update the measured angle of distal joints based on a scaling factor (r; (1)) to actively compensate for the discrepancies in cable routing
To improve the performance at the onset of movement, static friction compensation is integrated into the controller. The compensation block (see Fig. 5 ) is a function of position error and current velocity, calibrated experimentally to counteract static friction across different postures of the device, effective when the velocity is less than 6
• /s (static) and the position error is greater than 1
• . In this framework, the compensatory block produces peak outputs of 0.2, 0.05, and 0.01 N·m at each of the MCP, PIP, and DIP joints only when the robot has position error but is not moving or is moving very slowly.
B. Joint Torque Control
A torque controller with separately tuned PI loops, feed forward, and torque compensation was developed for all three joints (see Fig. 6 ). The feedback signal for each loop is the joint torque calculated from the contact force measured by the strain gauge of the parallel bar brackets. As the contact rods reside at a fixed distance from the preceding joint, the net torque may be computed from the measured force. This PI controller is tuned in the same manner as the angular controller to achieve a 20-N force on the contact bars with a rise time around 50 ms. For the open-link chain configuration of the exoskeleton, torque production at more distal joints requires identical compensation at more proximal joints. Torque compensation (see Fig. 6 ) was instituted to deliver these torques to the more proximal joints without the effort of the PI controller.
A Feedforward system (see Fig. 6 ) is implemented to reduce delay and achieve rapid-onset torques as might be required for perturbation experiments. This system is proportionally based on the desired output torque and experimentally calibrated to activate the motor and achieve 75% of the desired output torque (2) . This level of feedforward torque minimizes perturbation delay without generating unstable oscillations that emerge at higher values
C. Real-Time Control Implementation
The control system of the finger exoskeleton is implemented using the MATLAB xPC Target. The xPC Target is a real-time kernel that runs on an independent computer allowing for realtime control. Executable code is loaded onto this target PC from the host PC running MATLAB Simulink software [39] . The data signals are acquired in real time by the target PC and uploaded to the host PC over a direct crossover Ethernet cable. The experimenter monitors the signal data and tunes the model parameters on the host computer (see Fig. 7) .
A PCI-6220 ADC board (National Instruments, Austin, TX) is installed on the target PC to perform analog-digital conversion of the signals from the force sensors. The CNT32-8M encoder board (CONTEC, Sunnyvale, CA) records the digital encoder signals and the PCI-6703 DAC board (National Instruments) converts digital command signals into the analog signals that drive the motor amplifiers. All signals are sampled at 10 kHz.
D. Safety Consideration
For safety, an overdamped or critically damped behavior in the joint angle control is preferred to an underdamped system to prevent injury from joint hyperextension. A derivative term, which would minimize velocity and help prevent hyperextension, was not incorporated in the controller as it would amplify the noise on the feedback signal, thereby resulting in instability. We can assume that the dampened behavior will increase with the eventual introduction of a finger to the device, as the passive properties of the finger will impede movement [30] , thus assuring user safety. Joint angles and torques are continuously monitored by the control program to ensure that predefined limits are not exceeded.
Mechanically, guide slots restrict the range of motion of each joint and can be adjusted to limit joint range as needed. In this design, differently sized motors are used for each joint. In this manner, the peak motor torque is well matched to the peak voluntary subject torque and the potential for excessive torque is minimized. An emergency switch immediately terminates all power to the motors.
IV. PERFORMANCE TESTING
Experiments were designed to test the performance of the CAFE, including kinematic control performance and force control performance without a human finger in the device.
A. Testing of Kinematic Control Performance
A two-camera setup employing high-resolution, monochrome CCD cameras (IPX-1M48, Imperx, Inc., Boca Raton, FL) was employed to examine kinematic performance of the CAFE. The cameras were used to measure exoskeleton joint angles for comparison with encoder measured angles. Markers were attached to the exoskeleton to record movement. The markers were covered with ultraviolet-sensitive fluorescent paint (Wildfire, Modern Masters, Inc., N. Hollywood, CA) and illuminated with a UV light source.
Motion capture and analysis was performed using Digital Motion Analysis Suite (DMAS7, Spica Technology, Co., Maui, HI). The cameras were calibrated using the software provided in DMAS7 and a custom calibration form. An average calibration error of < 0.6 mm between cameras was achieved. During motion capture, the 3-D position of each marker was recorded and these positions were used to compute joint angles.
To test the ability of the exoskeleton encoders to appropriately measure device position, both ramp and sinusoidal trajectory inputs were employed. Separate inputs were specified for each joint. The exoskeleton began each trial at the limit or at the midpoint of each joint as appropriate.
To define the frequency response and high rotational speed capability of the CAFE, the MCP joint was rotated through a 30
• amplitude sinusoid at π/2 frequency increments through 12π (6 Hz), exceeding the design requirements for angular velocity of the device and the gain-bandwidth product attainable during voluntary finger movement [40] . This experiment was conducted with an articulated artificial finger, weighted at 21.6, 7.6, and 5.6 g at the proximal, medial, and distal segments. While not actuated or possessing of intrinsic stiffness or damping similar to other cutting-edge biomimetic hands [41] , this artificial finger allows us to simulate the mass and inertia properties of a passive human finger.
Finally, to examine the ability of the CAFE to simultaneously control each joint independently, target sinusoidal trajectories were generated with 20
• amplitude for 4 s, at distinct angular frequencies for each joint: π/4 (MCP), π/2 (PIP), and π (DIP).
B. Testing of Torque Control Performance
Calibration of the custom force beams was first performed by comparing the voltage output of the strain gauge bridge with known loads. Isometric joint torque generation was then examined for a desired step input in torque. For this experiment, a rigid link was used to represent a finger, with the rotational joint of the link aligned with the CAFE MCP joint. An external load cell (20E12 A, JR3, Inc., Woodland, CA) was employed to verify the torque control performance of the CAFE. The load cell was attached at the tip of the rigid link in order to measure the end-point force. The reflected torque at the MCP joint was then calculated from the tip force. The torque was also measured from the signals in the force beam.
Maximum joint torque was then examined by increasing the motor torque in a series of 0.5-V motor command steps.
C. Analysis
The position data during ramp and simultaneous sinusoid tracking were processed by aligning the camera data with the command signals for the desired trajectories. To quantify the ability of the exoskeleton to track desired trajectories, the actual position data as recorded by the external camera system were regressed against the target position data for each trial. We calculated the sample correlation and the root mean square error between observed and desired trajectories.
Accuracy of the on-exoskeleton encoder readings was confirmed by comparing the encoder outputs to the external camera data for movements within the tracking capabilities of the camera system (peak sampling rate of 48 Hz). The sample correlation between the encoder angles in relation to the camera angles was computed for each trial. Once the accuracy of the encoder readings was confirmed, they were then used to evaluate device performance at higher speeds.
Beginning at a frequency of pi/2, we analyzed a 10-s interval of oscillation at the MCP joint. The achieved amplitude of the device was compared to the desired as a magnitude calculated in decibels. The phase lag of the device was obtained by performing a cross correlation between the desired and measured sinusoids and determining the lag at the peak correlation for each trial.
For torque control experiments, calibration curves were first formulated for the strain gauge beams. Then, the actual joint torque, derived separately from both the beam and load cell, was compared with the desired torque step to examine the control performance. The RMS steady-state error between the desired torque and the actual achieved torque was calculated to show 
V. RESULTS
Both position and force control experiments were conducted to evaluate the capabilities of the device. In the position control experiments, we recorded the desired position generated by the controller and the actual position as measured by the motor encoder and observed by the external camera. In the force control experiments, we recorded the desired joint torque generated by the controller and the actual joint torque computed from the contact force at contact rods measured by strain gauge. The contact force at the tip of the rigid link as measured by the external load cell was also recorded for validation of the joint torque.
A. Kinematic Tracking
For ramp experiments, we examined encoder and camera observed angles for ramp trajectories with the joint speed of 10
• /s, 15
• /s, and 15
• /s for MCP, PIP, and DIP, respectively. Joint angles computed from the motor encoders closely matched the angles measured with the camera system. The sample correlations between encoder and camera observed position were greater than 0.99 for all three trajectories (see Table II ) and the regression slope values fell within 5% of desired across five independent trials. The encoders were subsequently used to analyze performance at higher speeds.
To demonstrate higher speed movement capabilities of the device, the MCP joint was oscillated at sinusoidal angular frequencies up to 12π (6 Hz). The resulting peak angular velocity of 1130
• /s exceeds the design requirements. Throughout this frequency range, the CAFE tracked the desired sinusoid quite well. The output:input amplitude ratio remained within ±0.5 dB, with a slight overshoot at higher frequencies (see Fig. 8 ). Phase lag began around 10 rad/s and increased linearly, reaching 17
• at a frequency of 12π.
The desired and measured (camera system) trajectories for MCP, PIP, and DIP in the tracking of three simultaneously applied sinusoids were then compared (see Fig. 9 ). Sample correlation coefficients between observed and desired angular positions were greater than 0.99 for all joints (see Table III ). Temporal lag was less than 0.3 s and average overshoot was less than 1.1
• for each joint during the simultaneous movement.
B. Kinetic Control
The calibration curve of the strain gauge force sensor was highly linear (R 2 > 0.999). Importantly, hysteresis was minimal. Force readings were largely invariant to position along the beam. We conducted step torque experiments to evaluate the torque control of the system. The torque controller was left slightly underdamped to improve rise time. The output torque reached the target torque of 0.57 N·m (corresponding to a 20-N flexion force on the finger) in less than 60 ms for a single trial (see Fig. 10 ) . The RMS error of the contact beams at steady state is 5.3 × 10 −3 N·m (0.93% of the target torque) with an average error of 6.0 × 10 −3 N·m (0.1%) for the same trial. Contact beam differed from the load cell measurement by a RMS steady-state error of 2.3%.
To test the torque capacity, the motor command voltage was increased until the output torque exceeded the design torque of 2.0 N·m at the MCP joint (see Fig. 11 ). This isometric output was achieved at stall around a motor excitation of 2 V, 20% of the maximum possible excitation. Taken together, these results demonstrated the capability of the CAFE to promptly provide the required joint torque.
VI. DISCUSSION
While adding only 138 g of mass to the finger, considerably less than comparable systems [19] [20] [21] [22] [23] [24] [25] , the CAFE is capable of moving at substantial speeds and providing the considerable joint torque. The mass on the CAFE may be reduced even further with the implementation of carbon or 3-D printed metal-ceramic composites. Active control input can be provided to additionally lessen device effects on voluntary movement. As such, the CAFE can achieve minimal interference (zero impedance).
The CAFE does not account for potentially variable CoR of the joints and one can imagine the device may slip as a result. While these errors will be explored in the future, it is possible that passive DoF could be incorporated in the mechanical design to account for CoR variability as has been implemented in similar devices [21] , [33] . Alternatively, a remote CoR [31] [32] [33] , [42] would rely on the user's actual joints, but would also require the user's digit to carry inflated and off-axis forces and torques, jeopardizing natural movement.
The extent to which compliance will affect deviation between the user and the device will be minimal. For a significant translational or rotational mismatch to occur between the user and the device, multiple segments of the finger must move relative to the device. This is not feasible, as the device has multiple points of contact with the user and is well grounded to the bony structures of the wrist.
High backdrivability is made possible by the dual cable actuation system. The cable transmission, with gearing located directly at the joints, permits the actuators to be placed proximal to the hand while minimizing the frictional losses that are inherent to other transmissions, such as Bowden cables. This implementation also serves to reduce the effect of motor inertia reflected on the joints as the motors act in opposition on the shared pulley. The tension forces of each motor counter one another, offsetting the effect on the user. A tradeoff is made in terms of control complexity for active movements and additional hardware with this design.
Namely, two motors are needed to control each joint, as each cable is only capable of pulling. These motor pairs must act in concert to incite movement while maintaining tension in all cables. Additionally, the cables to more distal joints must respond to movement of more proximal joints; cable length is a function of all preceding joint angles as well as the joint the cable controls.
The CAFE allows for a wide finger workspace, low interference, and arm mobility [36] . The capabilities of the device exceed those of other current exoskeletons in power, control and feedback resolution, and minimal impedance to movement. For example, similar devices for the hand utilize Bowden cables for each joint [21] or for the finger as a whole [18] . While these devices have no presence on the forearm, the use of Bowden cables significantly limits its bandwidth as the result of stiction and the resolution of control is as much as 100 times less than that of the CAFE [21] . Another promising device, which extends across 18 DoF of the hand [19] , has a smaller bandwidth and considerably less MCP torque. Other devices [14] , [20] , [32] , [42] have their advantages and specific applications for which they excel, but many devices lack performance validation and the CAFE consistently outperforms across the range of criteria presented in this paper when data are available for comparison.
Performance testing via frequency response was conducted up to 12π (6 Hz); exceeding frequencies attainable in the human index finger [40] . This frequency, at amplitude of 30
• , achieves good performance in excess of design requirements with minimal amplitude mismatch and only 17
• of phase lag at the highest examined frequency. The device was not, however, tested until it reached the signature drop off to 3 dB that we would expect to determine the bandwidth of the system. We anticipate that significant further increases in frequency will lead to this drop in achieved angle during oscillation as well as a continued increase in phase lag. The MCP joint was selected for inclusion in this paper given the greater mass and inertia it experiences as compared to the other joints. It is expected that the PIP and DIP joints will follow the same pattern of performance, although gains are subject to independent tuning.
To further improve performance, we are developing an adaptive controller which estimates inertia H, interaction C, gravitational G, tension-induced τ T , and contact-induced τ C parameters based on the adaptive control law [Yâ (3)]. Taking into account this model has the potential to greatly improve position and force controllability across the range of operating frequencies, in response to step input, and between users Yâ = Hq r + Cq r + G + τ T + τ C .
VII. CONCLUSION CAFE sensory feedback was accurate and reliable. Joint angles derived from the encoders were in close agreement with those obtained from an external camera system (R 2 = 0.999). This suggests that inconsistencies in cable winding around the pulleys and motor spools have minimal effect on joint angle. The torque measurements obtained with strain gages on the contact beams closely match with the commercial load cell (2.3% RMS steady-state error).
Kinematic testing confirmed the ability of the CAFE to track desired angle trajectories over time. Tracking of the desired ramps was quite good, with R 2 values of 0.99 or greater. Tracking of the independent sinusoids simultaneously with each digit was also successful as evidenced by correlation factors exceeding 0.99. Precise control could be maintained with minimal performance loss across and beyond the range of operating frequencies. The gain remained within 0.5 dB and the phase lag within 20
• up to 6 Hz for a sinusoid with 30
• amplitude. Examination of kinetic control confirmed the ability of the CAFE to precisely provide a desired isometric torque to finger joints. Even with a rapid rise time under 60 ms, RMS steadystate error was only 0.93% with an average error of 0.1%. The exoskeleton also proved to be quite strong. Almost 3.5 N·m of torque (well exceeding the 2.0 N·m requirement) could be achieved at the MCP joint without damage to the exoskeleton.
Collectively, the CAFE performance and flexibility is valuable for evaluating the efficacy of rehabilitation strategies and pursuing the study of motor control. For example, the high achievable speeds will permit assessment of spasticity [43] and isokinetic strength and power. The large torque capabilities will permit evaluation of peak strength. High backdrivability with the capacity for large perturbation forces permits implementation of force fields, such as attractive, repulsive, haptic or viscous curl fields [44] [45] [46] [47] [48] for motor learning paradigms. The CAFE is, however, limited to the flexion/extension DoF of the index finger, with the initial abduction/adduction DoF fixed. Future improvements may include actuation of this axis of rotation or measurement of index finger torque in the abduction/ adduction direction.
Future advancement of the control system will include a highlevel supervisory controller to provide different training tasks. Additional training strategies, e.g., assist-as-needed, resist-asneeded, and error augmentation, will be integrated in this highlevel supervisory control to enhance the functionality of the CAFE. Control strategies, including the previously mentioned adaptive controller, will be investigated to further exploit the capabilities of the device, maintain performance when in contact with a human user and, ultimately, execute intervention strategies. Performance of the CAFE with human subjects will be examined next.
